Abstract Apoptosis is a programmed cell death process, whose complexity led researchers to build mathematical models that could help to identify its crucial steps. In previous works, we theoretically analyzed and numerically simulated a model that describes a pathway from an external stimulus to caspase-3 activation. Here, the results of experiments performed on populations of synchronized cells treated with the inducer Apo2L/TRAIL are reported and are compared with model predictions. In particular, we have compared in vitro and in silico results relevant to the time evolutions of caspase-3 and caspase-8 activities, as well as of the dead cells fractions. In addition, the effect of the BAR gene silencing was evaluated. Caspase-3 activation and cell death is faster in silenced than in nonsilenced cells, thus confirming previous simulation results. Interestingly, Apo2L/TRAIL treatment in itself reduces the BAR gene expression. The qualitative agreement between model predictions and cell cultures behavior suggests that the model captures the essential features of the biological process and could be a tool in further studies of caspases activation. In this manuscript, we report the results of in vitro experiments aimed at revealing the dynamics of caspase activation in a cell population. A qualitative agreement between these results and a mathematical model describing a pathway from an external stimulus to caspase-3 activation was obtained, thus showing that the model captures the essential features of the biological process and may be a reliable tool in further studies of caspase activation.
Introduction
Apoptosis is a genetically encoded cell death program that differs from necrosis or accidental cell death by morphological and biochemical features (Degterev and Yuan 2008; Krysko et al. 2008) . It is induced by extrinsic and intrinsic signals that activate intracellular signaling pathways where caspases play a pivotal role. Caspases are a family of conserved cystine proteases that cleave target proteins at specific aspartate residues. Caspases are classified as initiators (caspases-8, -9, and -10), which are activated in response to apoptotic signals, and executioners (caspases-3, -6, and -7), which are activated by initiators through proteolitic cleavage (Salvesen and Riedl 2008) . Caspases are regulated by endogenous inhibitors such as the family of inhibitor of apoptosis proteins (IAPs) and the bifunctional apoptosis regulator (BAR) (Zhang et al. 2000; Dubrez-Daloz et al. 2008) . Apoptosis plays a pivotal role both in fetal development and in adult organisms, where it contributes to the maintenance of normal cellular homeostasis and efficiency of the immune system (Opferman and Korsmeyer 2003; Marsden and Strasser 2003) . Many evidences suggest that defects in the mechanisms of apoptosis are involved in several multifactorial diseases (Hague and Paraskeva 2004) .
Because of the complexity of the apoptotic pathways, in recent years, mathematical modeling has been used to understand different aspects of these pathways and to lay down guidelines to design experimental studies (Fussenegger et al. 2000; Bentele et al. 2004; Eissing et al. 2004; Eissing et al. 2005; Stucki and Simon 2005; Bagci et al. 2006 ; Legewie et al. 2006; Rehm et al. 2006 ). The models proposed so far consist of systems of ordinary differential equations that describe the time evolution of the concentrations of the chemical species regarded as relevant for the apoptotic process: caspases, regulator proteins, and molecular complexes. These models have been studied essentially from two points of view: (a) qualitative analysis of equilibrium states and of their stability properties and (b) quantitative simulation of the time evolution of the relevant chemicals in response to a model input representative of the external or internal stimulus that triggers the apoptotic cascade.
Recently, Carotenuto et al. (2007a, b) carried out an indepth analysis of a dynamical model of caspase activation in response to a stimulus applied to the cell membrane (extrinsic pathway). The model was originally proposed by Eissing et al. (2004) , and in Carotenuto et al. (2007b) , it was extended to keep into account the action of a persistent stimulus. The model describes:
& Production and decay of procaspase-8 (C8) and of procaspase-3 (C3), and of inhibitors IAP and BAR & Transformation of C8 into the active form C8* by an external stimulus acting through the cell membrane & Activation of C3 to active caspase-3 (C3*) by C8* and positive feedback of C3* on C8 to enhance production of C8* & Inactivation of C8* by BAR through reversible formation of the complex C8*÷BAR & Inactivation of C3* by IAP through reversible formation of the complex C3*÷IAP
The model consisted of eight first-order nonlinear differential equations, whose state variables were the single-cell concentrations of procaspases 3 and 8, of respective active caspases, of inhibitors IAP and BAR, and of the inactivating complexes. Each of the model responses, computed by solving the equations with appropriate initial conditions and external forcing, can be regarded as representative of the life history of a cell, subjected to an apoptotic stimulus. One peculiar feature of the unforced model is the presence of an equilibrium state, characterized by the absence of active caspases, both free and in complexes: such equilibrium can be regarded as representative of a cell in "normal" conditions, and was called the "life" equilibrium. In Carotenuto et al. (2007a, b) , an exhaustive theoretical characterization of the model equilibrium states, of the respective stability properties, and of typical bifurcation paths was provided. Moreover, the results of a huge amount of numerical simulations were reported, giving a complete picture of the possible time evolutions of active caspases-3 and -8, for different values of the kinetic parameters and of the external stimulus. The main feature of the responses to a constant input was that the variables representing active caspase-3 and caspase-8 concentrations remain almost constant at low values for a time interval whose length depends mainly on the input level; then, they show an abrupt increase to a peak value, which depends on the model parameters and not on the input level. In Carotenuto et al. (2007b) , the effect of changing the production rate of regulator proteins IAP and BAR was also analyzed. The most interesting result was that a reduction of this rate essentially affects the delay between the application of the stimulus and the peak of active caspase-3 concentration, and not the peak intensity. Further information on the model and on the results of Carotenuto et al. (2007b) is in the Supplementary Material (Supplement 1).
Starting from the in silico results, we designed and carried out in vitro experiments on populations of suitably chosen cells, treated with an external factor known to elicit the extrinsic apoptotic pathway. In particular, we measured the time evolution of the activity of caspases-3 and -8, and we assayed the fraction of dead cells as an indicator of the apoptotic state.
The objective of the study was to compare the characteristic features of the experimental responses to those obtained by the model simulations.
The experiments were repeated on cells where the BAR gene was silenced, thus depressing the level of the BAR protein. The purpose was to verify if the effect of a reduced production rate of BAR, as predicted by the model simulation, could be experimentally confirmed.
We anticipate that a good qualitative agreement has been found between the results obtained by model simulations and those obtained from the experimental system. This agreement shows that the mathematical model captures the essential features of the biological process and could be a reliable tool in further studies of caspase activation.
Materials and methods

Cell culture
143B.TK
− osteosarcoma cells were grown in Dulbecco's modified Eagle medium (DMEM, Invitrogen) containing 25 mM glucose and 1 mM sodium pyruvate, supplemented with 10% fetal bovine serum (Invitrogen) and 0.1 mM gentamycin (Invitrogen). The cells were cultured in a waterhumidified incubator at 37°C in 5% CO 2 /95% air.
Set up of the experimental conditions: cell synchronization; Apo2L/TRAIL concentration assay; BAR gene silencing
Cell synchronization In complete DMEM, 1×10 6 cells were cultured into 100 mm plates for 12 h. Then, the medium was replaced with medium without serum, and the cells were cultured in this condition for 36 h. Cells were stained with propidium iodide, and the percentage of cells in each cell cycle phase was estimated by flow cytometry with fluorescence activated cell sorter (FACS) analysis.
Apo2L/TRAIL concentration assay After 36 h of serum deprivation, the synchronized cells were trypsinized and 3× 10 5 cells were seeded in 60-mm well plates containing complete medium and allowed to adhere to the plate overnight. Then, the cells were treated with different concentrations (50, 100, 250, 500, 1,000 ng/ml) of recombinant Apo2L/TRAIL protein (Chemicon International) for 12 h. By measuring caspase-3 activity as described in the relevant paragraph (caspase-3 and caspase-8 activity assays), we chose an Apo2L/TRAIL concentration of 1,000 ng/ml as the most appropriate.
BAR gene silencing The cells were synchronized for 36 h as described above. After synchronization, we trypsinized and collected adherent cells only, thus removing the floating cells completely. The cells were newly plateled so that the following experiments were carried out on a "new" cell population. Then, the Fast-Forward Protocol (Qiagen) was used to obtain BAR gene silencing by BAR siRNA transfection. Next, 2.5×10 5 cells were seeded in six-well plates containing complete medium. Three concentrations (1, 5, and 10 nM) of BAR siRNA (HP Validated siRNA, Qiagen) were added to 3 µl of HiPerFect Reagent (Qiagen), and the mix was incubated at room temperature for 10 min. Cells were treated with the silencing mixture and incubated at 37°C for 24, 48, and 72 h. Untrasfected cells and cells transfected with scrambled siRNA sequence were also used as controls. Then, total RNA was extracted from cells with RNeasy kit (Qiagen) and the RNA concentration was measured in each sample by biophotometer (Bio-Rad) at 260/280 nm absorbance ratio. The reverse transcriptase polymerase chain reaction (RT-PCR) reactions were carried out by using the ImPromII Reverse Transcription System kit (Promega). A mix including 500 ng of total RNA and 500 ng of oligo-dT primer was preheated at 70°C for 5 min. The RT reaction was carried out in 40 µl final volume containing 1× RT buffer, 3 mM MgCl 2 , 125 µM of each deoxynucleotide triphosphate (dNTP), 20 U RNase inhibitor, and 5 U RT. The mix was incubated at 25°C for 5 min, then at 37°C for 60 min, and finally at 95°C for 10 min to inactivate the RT. Both the BAR gene and an endogenous control gene (GAPDH) that is not expected to vary among samples were amplified in each sample.
The primers used for BAR and GAPDH PCR amplification were the following:
The PCR mixture (25 µl) contained 1 µl of cDNA, 1× buffer, 1.25 mM of each dNTP, 3.5 mM MgCl 2 , 0.4 μM of each primer, and 10 U DNA polymerase (EuroTaq). The PCR profile consisted of a predenaturation step at 92°C for 1 min, followed by 30 cycles at 92°C for 1 min, 62°C for 1 min, and 72°C for 1 min. The final step was an incubation at 70°C for 10 min. The PCR products were analyzed on 2% agarose gel and stained with ethidium bromide. In each sample, fluorescence intensity of the BAR product was calculated by densitometric analyses (Kodak Electrophoresis Documentation and Analysis System 290, EDAS 290) and then normalized to fluorescence intensity of the GAPDH product.
Caspase-3 and caspase-8 activity assays
Caspase-3 and caspase-8 activities were assayed by using the Caspase-3 Detection Kit (FITC-DEVD-FMK, Calbiochem) and the Caspase-8 Detection Kit (Red-IETD-FMK, Calbiochem), respectively. The assays were carried out on cells stimulated by Apo2L/TRAIL, and synchronized only, or synchronized and treated with BAR siRNA.
Caspase-3 and caspase-8 activity assays in Apo2L/ TRAIL-treated cells For time intervals of different lengths, 3×10 5 synchronized cells were incubated with 1,000 ng/ml of Apo2L/TRAIL at 37°C. Synchronized but untreated cells were used as control. Then, 1 μl of FITC-DEVD-FMK (FITC-conjugated caspase-3 inhibitor) or Red-IETD-FMK (Red-labeled caspase-8 inhibitor) was added to 300 μl of cell sample. Then, the cells were incubated at 37°C for 45 min and centrifuged at 3,000 rpm for 5 min. Supernatant was removed and the cell pellet was resuspended in 500 μl of the kit wash buffer and centrifuged again. This step was repeated again one time. Finally, the cells were resuspended in 300 μl of wash buffer and analyzed by flow cytometry with FACS analysis. Then, 1×10 4 cells were acquired in list mode and analyzed with Cell Quest software. Caspase-3 and caspase-8 activities were defined as the ratio of the number of cells treated with Apo2L/TRAIL positive to FITC-DEVD-FMK (caspase-3) or positive to Red-IETD-FMK (caspase-8) to the number of untreated cells positive to FITC-DEVD-FMK or to Red-IETD-FMK.
Caspase-3 activity assay in BAR siRNA-silenced cells and treated with Apo2L/TRAIL After 36 h synchronization, the medium was removed from plates, the cells were trypsinized, and adherent cells were collected. Next, 2.5×10 5 cells were seeded in six-well plates containing complete medium. The procedure of BAR siRNA transfection was carried out for 72 h as described above (BAR gene silencing). In the last 6 h of transfection, cells were incubated at 37°C with 1,000 ng/ml of Apo2L/TRAIL. Then, caspase 3 activity was measured as described above. Caspase-3 activity was defined in both silenced and nonsilenced conditions as percentage of cells treated with Apo2L/TRAIL positive to FITC-DEVD-FMK.
Cell mortality assays
Cell mortality was assayed by Trypan Blue exclusion assay. After 36 h synchronization, floating and adherent cells were collected and 200 µl of cellular suspension was added to an equal volume of 0.4% Trypan Blue solution (Sigma). Cells were counted at 6-28 h after synchronization on a hemocytometer with an inverted light microscope using a 20× magnification. Trypan Blue assay was used also to check mortality in cells treated either with Apo2L/TRAIL or with BAR siRNA and Apo2L/TRAIL. In both cases, after 36 h of synchronization, the medium was removed from plates, the cells were trypsinized, and adherent cells were collected, removing the floating cells completely. The cells were seeded in 60-mm well plates containing complete medium and allowed to adhere to the plate overnight. Then, the cells were treated with Apo2L/TRAIL or transfected with BAR siRNA and treated with Apo2L/TRAIL as described in previous paragraphs. Floating and adherent cells were collected and 200 µl of cellular suspension was added to an equal volume of 0.4% Trypan Blue solution (Sigma). Cells were counted on a hemocytometer with an inverted light microscope using 20× magnification.
Hallmarks of apoptosis
To assess apoptosis, we used Annexin V assay (Van England et al. 1998 ) and internucleosomal DNA fragmentation assay (Bortner et al. 1995) . As for the first test, 5×10 5 synchronized cells were treated with 1,000 ng/ml of Apo2L/TRAIL, as described above, and incubated at 37°C for time intervals of different length. Cells were washed in phosphate-buffered saline (PBS) and resuspended in the kit binding buffer. Five microliters of FITC-conjugated Annexin V (Bender MedSystems) was added to 195 μl of cell suspension, and the samples were incubated at room temperature for 10 min. Then, the cells were washed in PBS and resuspended in 190 μl of binding buffer. Ten microliters of propidium bromide was added to the samples and the fluorescence was measured by flow cytometry. Next, 1×10 4 cells per sample were acquired in list mode and analyzed with Cell Quest software. As for DNA fragmentation assay, 1×10 6 Apo2L/TRAIL treated and untreated cells were trypsinized and centrifuged at 3,000 rpm for 5 min. The pellet was resuspended in 400 µl of lysis buffer [10 mM Tris-HCl pH 8, 20 mM ethylenediaminetetraacetic acid (EDTA), 0.2% Triton-X100] and incubated on ice for 20 min. After centrifugation at 12,000 rpm for 20 min, an equal volume of phenol/chloroform was added to the supernatant. Then, after a new 12,000-rpm centrifugation for 5 min, an equal volume of chloroform was added to the supernatant and centrifuged again. The supernatant was collected and stored at −20°C overnight after adding 0.1 vol of 3 mM sodium acetate pH 5.2 and 2 vol of ethanol. DNA precipitated was pelleted by centrifugation at 12,000 rpm for 20 min, rinsed with 70% ethanol, and resuspended in a buffer containing 100 mg/ml RNase A. After incubation at 37°C for 2 h, DNA samples were loaded on 1.5% agarose gel, electrophoresed in Tris/acetate/EDTA buffer and stained with ethidium bromide.
Simulation of the collective behavior of a cell population
The mathematical model here considered was analyzed theoretically and numerically in the papers by Carotenuto et al. (2007a, b) . The assumptions at the basis of the model, the equations, the nominal parameter values, a summary of the theoretical results, and of the outcomes of the numerical simulations are reported in Supplement 1 (Electronic Supplementary Material). In the present paper, we use that model to simulate the collective behavior of a population of cells. As a model with given parameters can be regarded as representative of a single cell, a set of models, each of which is characterized by a different parameter vector, represents a population of cells whose collective behavior was simulated by computing the individual responses and averaging them over the ensemble of time histories. Specifically, a set of N parameter vectors was generated in such a way that the corresponding models are bistable, with the same "life" equilibrium state. For each parameter vector, say the k-th in the set, the model equations (Eqs. S1-S8, Supplement 1) were numerically solved by the MATLAB function ode15s, starting from the same initial condition and with the same external input q(t), acting on the interval [0, T i ]. In this way, the time evolution of the variables [C8*] = x 2 and [C3*] = x 6 , representative of the concentration of active caspase-8 and caspase-3 in the k-th cell of the population of size N, was obtained. Denote by x 6[k] (t), k = 1,…, N these time functions: the model prediction of the measure of active caspase-3 concentration in the population subjected to a stimulus of duration T i was computed by taking the average C3* Results Figure 1 outlines the in vitro experiments we carried out.
As we see, some experiments were realized to set up the experimental conditions (panels with dashed borders), others to compare in silico and in vitro results (panels with solid borders). All the experiments were carried out on synchronized cells in order to ensure that the apoptotic stimulus was applied to cells in the same phase of their cycle. To this purpose, we checked four synchronization protocols (serum deprivation for 24 or 36 h, Aphidicolin 5.9 μM for 16 h, Aphidicolin 5.9 μM for 16 h, plus serum deprivation for 48 h. Data not shown). The best pattern of synchronization was obtained by serum deprivation for 36 h: 82.2% of the cells were in G0/G1 phase; 9.5% in S phase, and 8.3% in G2/M phase. To make sure that a sufficient bulk of cells survived the synchronization treatment, we measured the fraction of dead cells at different times after serum deprivation. The fraction of dead cells (Trypan Blue exclusion assay) remained at about 30% in the first 12 h. Only after 24 h did the fraction of dead cells increase up to about 60% (Fig. S1 in Supplement 2, Supplementary Material). Therefore, all the following experiments were carried out on cells synchronized by 36 h serum deprivation. When further cell treatments longer than 12 h were required, dead cells were removed after synchronization as described in the "Materials and methods" ("BAR gene silencing"). Since cells were undergoing heavy manipulations, we needed to verify that, in our system, we were looking at an apoptotic response. For this purpose, we used Annexin V and internucleosomal DNA fragmentation assays, which check initial and final steps of the apoptotic process, respectively.
The Annexin V assay was performed both on untreated cells and on cells treated with Apo2L/TRAIL for time intervals of increasing length. Figure S2 in Supplement 2, Supplementary Material, shows the fraction of cells positive to Annexin V as a function of the time of treatment. We see that, after the first 60 min, the fraction of Annexin V positive cells is higher in treated (red line) than in untreated (blue line) cells.
Also, the internucleosomal DNA fragmentation assay was performed both on untreated cells and on cells treated with Apo2L/TRAIL for time intervals of increasing length. Figure S3 in Supplement 2, Supplementary Material, shows the fragmentation pattern of untreated and treated cells at the specified times. The internucleosomal fragmentation is observed in cells treated with Apo2L/ TRAIL for 240 and 360 min. A small level of fragmen- tation is also present in untreated cells, likely a noise due to synchronization.
Comparison between in vitro and in silico results: time evolution of caspase-3 and caspase-8 activities To obtain the time response of a population of cells subjected to an apoptotic stimulus, we carried out experiments in which the activities of caspase-3 and -8 were measured at successive times on the same initial cell population. Nine time intervals of increasing length were considered as shown in Fig. 2A . The two curves can be regarded as representative of the time evolution of active caspase-3 and -8 concentrations, respectively, in a population of stimulated cells. Caspase-3 activity remains nearly constant for the first 120 min of treatment. Then, a fast increase occurs between 120 and 180 min, when caspase-3 activity reaches the maximum value. Also, caspase-8 activity remains nearly constant for the first 120 min of treatment; then it increases, reaching the maximum value at 240 min. Figure 2B shows the result of model simulations that mimic the in vitro experiment. Simulations are performed as described in "Materials and methods" ("Simulation of the collective behavior of a cell population"). The qualitative agreement between the model predictions and the measured caspases activities is apparent: in both instances, we have a delay between the application of the stimulus and the onset of caspase activation. Moreover, the increase of active caspase-3 concentration precedes that of caspase-8 in both in silico and in vitro experiments, as can be better seen in Fig. 2B′ .
Comparison between in vitro and in silico results: time evolution of cell mortality
The mathematical model can be used to predict the qualitative shape of the curve relating the fraction of dead cells in the population to the time of treatment. Figure 3 shows in silico results obtained by simulations carried out according to the procedure described in "Materials and methods" ("Simulation of the collective behavior of a cell population"). The fraction of dead "virtual" cells at time T is the fraction of models for which the concentration of active caspase-3, [C3*], computed by numerically solving the model equations, has exceeded a given threshold in the interval [0,T]. The main feature of the curve is the delay Fig. 2 Caspase-3 and caspase-8 activation: comparison between in vitro A and in silico B results. A Caspase-3 and caspase-8 activities were evaluated as the ratio of the number of cells treated with Apo2L/ TRAIL positive to FITC-DEVD-FMK (caspase-3) or Red-DEVD-FMK (caspase-8) to the number of untreated cells positive to FITC-DEVD-FMK or Red-DEVD-FMK (see "Materials and methods"). On the Y axis, the ratios measured at the end of the time intervals of treatment (15, 30, 60, 120, 180, 240, 360 , and 480 min) are reported. The values are the average of three independent experiments. Bars: one standard deviation. B Seven sets of models were generated with the procedure described in the paper by Carotenuto et al. (2007b) , section 2.2.4. Each set consists of 5,000 bistable models with random parameters selected in a suitable box of the parameter space; for all models of the i-th set, the responses to a persistent stimulus of intensity q = 400 mol/cell/min and of duration T i = 15, 30, 60, 120, 180, 240, and 360 min, respectively, were simulated. In each group, the averages [ , 110,…, 190, 200 min b between the application of the stimulus and the appearance of a significant fraction of dead "virtual" cells. As for in vitro results, Fig. 4 shows the fraction of dead cells in untreated cells and in cells treated with Apo2L/TRAIL for different intervals of time. For time intervals up to 120 min, cell mortality is almost the same in both treated and untreated cells. Then, the mortality of treated cells increases up to a value of 57% at 360 min, whereas the fraction of dead cells in the untreated population does not exceed 34% for all time intervals. The qualitative agreement between in silico and in vitro results is clear.
BAR gene silencing
Since the model takes into account the production rate of BAR, we decided to check the model by acting on the level of BAR gene expression. Before measuring the response in terms of caspase-3 activity in BAR-silenced cells, the silencing protocol was set up (see "Materials and methods"). For this purpose, we transfected the cells at different experimental conditions (siRNA concentrations and transfection times) and measured the BAR mRNA levels by semiquantitative RT-PCRs. The best result (Fig. S4 in Supplement 2, Supplementary Material) was obtained at 72 h with 5 nM BAR siRNA: in these conditions, a reduction of about 80% of the BAR mRNA level was achieved. Therefore, all the subsequent experiments were carried out at these experimental conditions.
The effects of Apo2L/TRAIL on the BAR gene expression were tested in both nonsilenced and BAR-silenced cells. Treatments with Apo2L/TRAIL of different time lengths were applied, and BAR mRNA levels were evaluated by RT-PCR at the end of the treatment intervals. Figure S5 (Supplement 2, Supplementary Material) shows the levels of BAR mRNA, normalized to GAPDH mRNA levels, as a function of the time of treatment with Apo2L/ TRAIL in nonsilenced cells (panel A) and in silenced cells (panel B) . In panel A, we see that the BAR mRNA levels decrease slowly up to 180 min of treatment, where the reduction is about 50%. After 240 min of treatment, the level of BAR mRNA becomes negligible. This result suggests an inhibitor role of the inductor Apo2L/TRAIL on the regulation of the expression of the BAR gene. To our knowledge, such an effect has not been reported till now. As for panel B (BAR-silenced cells), we see that the BAR silencing produces a decrease (more than 60%) of the level of BAR mRNA in cells not treated with Apo2L/TRAIL (time of treatment = 0). This level remains constant for the first 60 min of treatment and decreases by increasing the stimulation time.
We also evaluated if there are differences in cell mortality between nonsilenced and BAR-silenced cells exposed to Apo2L/TRAIL for different times. Figure S6 (Supplement 2, Supplementary Material) shows that the fraction of dead cells is the same in both nonsilenced and silenced cells in the first 30 min; a relevant increase of this fraction (from 37% to 75%) is observed in silenced cells between 60 and 240 min of treatment; then the fraction of dead cells reaches 85% after 360 min. In nonsilenced cells, an increase from 23% to 53% occurs between 60 and Fig. 3 Model prediction of the dependence of cell mortality on the time of treatment. The cell population is represented by a set Σ ("virtual" population) consisting of 75,000 models characterized by randomly generated parameter vectors ("virtual" cells), belonging to the same box used for Fig. 2B . For all models in set Σ, the active caspase-3 time responses (x 6[k] (t) (k = 1,2,…,75,000)) to a persistent stimulus of intensity q = 400 mol/cell/min and of duration T i = 10, 20,…,180 min were computed. Then, the times t D [k] for which x 6[k] (t) reaches the threshold x 6[k] (t) = 5,000 mol/cell were determined. Finally, the number of models for which t D[k] ≤ T i , say N A (T i ), was computed for all T i , and the ratios are reported in the figure 240 min of treatment, resulting in nearly 62% after 360 min. This result is in line with a proapoptotic effect sustained by the BAR gene silencing.
Time evolution of caspase-3 activity in BAR-silenced cells
In silico results The effect of changing the production rate of the inhibitor protein BAR, represented in the model by the parameter k −12 , was numerically evaluated in Carotenuto et al. (2007b) . It was shown that a reduction of this rate shortens the delay between the application of the stimulus and the peak of active caspase-3 concentration, and does not noticeably affect the peak intensity. This result is not unexpected: if the production rate of BAR is reduced, a smaller amount is available to bind the active caspase-8 and form the inactive complex C8*÷BAR. This is equivalent to an increase of the intensity of the stimulus, which, in all simulations, has been recognized to decrease the delay of the peak of [C3*]. The collective behavior of a cell population in which the production of BAR is reduced was simulated by the same procedure used to obtain Fig. 2B . The same sets of models was used for the simulations, except for reducing the value of k −12 to 1/4 (line with squares) and to 1/16 (line with circles) of the value used to simulate the unperturbed population (line with stars). The perturbed models show reduced values of the BAR concentration at equilibrium: [BAR] eq = 10,000 mol/cell and [BAR] eq = 2,500 mol/cell, respectively, with respect to the unperturbed model for which [BAR] eq = 40,000 mol/cell. Figure 5 shows the plot of the average [C3*] mean in perturbed and unperturbed models as a function of the time length of the stimulus. It is clear that, also at the population level, a reduction of the production rate of BAR causes a faster response of active caspase-3 concentration to the external stimulus.
In vitro results The activity of caspase-3 was measured both in nonsilenced and in BAR-silenced cells, both incubated for 72 h in the absence/presence of BAR siRNA. In both groups of cells, the stimulation with Apo2L/TRAIL began at defined time points before the end of the 72 h of the silencing, when measurements were taken. Figure 6 shows the caspase-3 activity in nonsilenced and in BARsilenced cells, expressed as the percentage of FITC-DEVD-FMK-positive cells (see "Materials and methods"), as a function of the time of treatment with Apo2L/TRAIL. In nonsilenced cells, a peak of caspase-3 activity occurred at 240 min of treatment. In silenced cells, the caspase-3 activity level has a clear maximum at 30 min of treatment. Although the standard deviations of measurements are high, it is clear that the peak of caspase-3 activity occurs earlier in silenced than in nonsilenced cells (see also Table S3 in Supplement 3, Supplementary Material). From these experiments, we may conclude that the activation of caspase-3 requires a shorter interval of stimulation when Fig. 2B : it is obtained using models characterized by production rates of BAR (parameter k −12 ) for which, at equilibrium, we have [BAR] eq = 40,000 mol/cell. The line with squares represents the averages [C3*] mean (T i ) (T i = 15, 30, 60, 120, 180, 240, and 360 min) computed by simulating the same models as in Fig. 2B , except for the parameter k −12 , which is reduced to 1/4 of the original value, thus reducing the equilibrium value to [BAR] eq = 10,000 mol/ cell. The line with circles represents the averages [C3*] mean (T i ) computed by simulating the same models as in Fig. 2B , except for the parameter k −12 , which is reduced to 1/16 of the original value, thus reducing the equilibrium value to [BAR] eq = 2,500 mol/cell BAR is silenced, in agreement with the in silico results reported above.
Discussion
"A cell, an organ, or organism, understood as a 'system', is a network of components whose relationships and properties are largely determined by their function in the whole. The functionality is observed as the behavior of the system. The first and probably most important lesson of systems theory is that we can only understand the behavior of a system if we systematically perturb it and record its response." This sentence from a recent paper entitled "Defining Systems Biology: an Engineering Perspective" (Wolkenhauer 2007) well captures the approach behind the present work. Regarding the integrative study of biological systems and the way they respond to external perturbations as the essence of systems biology is not a new idea (Auffray et al. 2003) . Such an approach leads to hypotheses formalized in mathematical models: on the one hand, these models are built from the results of studies about functional genomics, protein-protein interactions, signaling, and metabolic pathways. On the other hand, since a system approach is characterized by input/output descriptions relating stimuli (inputs) to responses (outputs), "the most important role of the modeler in systems biology is to support the design of stimulus/response experiments" (Wolkenhauer 2007) .
In this work, the paradigm outlined above has been applied to apoptosis, a very important physiological process normally occurring in cells and whose malfunction has been related to severe pathologies such as cancer and neurodegenerative diseases.
The aim of this work was to compare in silico results with in vitro results obtained on a population of cells perturbed by an appropriate proapoptotic stimulus. The experiments were designed according to guidelines in part provided by the analysis of a model originally proposed by Eissing et al. (2004) and then studied in-depth by Carotenuto et al. (2007a, b) . This model considers only the extrinsic pathway, which leads to the production of active caspase-3 starting from the binding of suitable ligands to receptors on the exterior of the cell membrane: although simple enough to allow an analytical study and a large number of numerical simulations, the model incorporates three phenomena probably critical in the evolution of the apoptotic process: (1) activation of caspase-8 by the external stimulus, (2) activation of caspase-3 by active caspase-8, and (3) activation of caspase-8 by active caspase-3 in a positive-feedback loop. An agreement between the experimentally measured responses and those predicted by simulation of the model equations would validate the assumptions that are at the basis of the model. We remark that only qualitative comparisons can be made. Indeed, the experimental procedures impose severe limitations that make an in vitro experiment very different from a conceptually identical experiment performed in silico: (a) the cells are subjected to continuous changes due to the normal cell cycle; (b) the cells are continuously subjected to random external perturbations that the experimenter cannot control; and (c) in all the experiments, the measurements that correspond to treatments of different time lengths are carried out on different subgroups of cells, although derived from the same initial population. Moreover, the model takes into account only the reactions that are regarded as the most relevant in the pathway; it does not consider all the other processes that occur in the cells and that are "disturbances" from the model point of view. In particular, the model does not consider the cell cycle or the events that lead to cell death after caspase-3 activation and assumes that, in normal conditions, no cell in the population undergoes apoptosis. The experiments were set up in order to reduce as far as possible the above sources of uncertainty and lack of homogeneity. This was the case of the synchronization procedure by which 82% of the cells are set in G0/G1 phase. The synchronization treatment by serum deprivation induces apoptosis by itself in a fraction of cells, chiefly via mitochondrial signaling pathways (Bialik et al. 1999; Pillich et al. 2005) . However, the vital state of population as a whole is not seriously impaired because the fraction of vital cells remains around 70% for the first 12 h after the synchronization treatment (see Fig. S1 ).
Apoptosis was elicited by treating the synchronized osteosarcoma cells with an appropriate concentration of Apo2L/TRAIL. Although osteosarcoma cells are less sensitive to TRAIL than other cancer cells (Takeda et al. 2007) , we chose these cells in view of a future research aimed at studying apoptosis in rho 0 cells, that is cells deprived of active mitochondria (King and Attardi 1996) .
Both Fig. 2 and Figs. 3 and 4 evidence a good agreement between in silico and in vitro results. In particular, as to the relationship between caspase-3 and caspase-8 activation, the experimental results confirm the model prediction that, as a consequence of the positive feedback of active caspase-3 on caspase-8, the peak of active caspase-3 concentration occurs earlier than the peak of active caspase-8 concentration (Fig. 2) . What is more, both in vitro ( Fig. 2A ) and in silico (Fig. 2B) curves show an initial phase where active caspase concentrations are nearly independent of treatment time (120 min in vitro). The same shape is shown by the curves relevant to cell mortality obtained by in vitro experiments: for the first 120 min the fraction of dead cells in treated samples is not different from the fraction of dead cells in untreated samples (Fig. 4) ; the mortality in treated cells systematically exceeds that in nontreated cells only after 120 min. This behavior qualitatively agrees with the trend of "mortality" that the model predicts in a population of virtual cells (Fig. 3) : the fraction of virtual cells that undergo the transition to virtual apoptosis is very low for an initial time interval, then increases to reach a value that remains constant for the subsequent time. On the whole, we have verified a good qualitative agreement between the results of the dynamical simulation of active caspases-3 and -8 concentrations (in silico) and the results of the stimulus-response experiments (in vitro).
Also, the response of the BAR gene-silenced cells confirmed the model predictions (Carotenuto et al. 2007b and Fig. 5 ). In the model, the dynamical simulations in which the production rate of BAR is reduced show that the time evolution of active caspase-3 is influenced by this parameter, in the sense of a faster response to the stimulus. The same faster response was observed in vitro when the rate of BAR production was reduced by BAR gene silencing: the peak of caspase 3 activity occurs at 30 min in silenced cells and at 240 min in nonsilenced cells (Fig. 6) . It is worth noting that the caspase activation is accelerated in both intrinsic and extrinsic apoptosis pathways in cells deficient of X-linked-inhibitor-of-apoptosis protein, an effective intracellular inhibitor of apoptosis (O'Connor et al. 2008) .
Also, the experimental determination of the fraction of dead cells confirms the proapoptotic role by BAR silencing ( Interestingly, in setting up the experimental protocol of BAR gene silencing, we observed that the treatment with Apo2L/TRAIL by itself causes a progressive reduction of BAR mRNA (Fig. S5 , panel A, in Supplement 2, Supplementary Material). This finding is new and was not kept into account in the model.
In short, the analysis of the effects produced by BAR gene silencing also showed a good agreement between in silico and in vitro results. In addition, a new interaction (the decrease of BAR expression caused by the treatment with Apo2L/TRAIL) has been discovered.
In conclusion, the consistent qualitative agreement between the time evolutions predicted by the model and the behavior of the cell cultures indicates that the model actually captures the essential features of the biological process and could be a reliable tool in further studies of caspases activation.
